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SUMMARY 
II has been known that the electronic configurations of elements change 
under pressure. It may also lead to change in structure or lattice. An investi-
gation of adiabatic heat of compression of elements will be conducive to know 
the movement of electrons between shells in the elements with respect to pres-
sure. As such, we are measuring the adiabatic heat of compression of different 
elements with a particular emphasis on pure metals. A pressure of about 3, 000 
p. s . i . is being used for this purpose. This heat of compression will be calcu-
lated in the following manner: 
Heat output - Mechanical Work input - Change of Internal Energy 
Heat output is the temperature increase due to compression multiplied by the 
specific heat of the material. 
It is hoped that our results would help reveal the actual bonding mechanism 
of metals. According to the Engel concepts, bonding electrons should exist both 
in the d and outer (s-i-p) shells in the transition metals. Pressure should cause 
electrons to move between energy levels. Due to the promotion energy such move-
ments should be measurable as part of the change of internal energy. 
CHAPTER I 
HISTORICAL INTRODUCTION 
The history and development of science has been the same as that of 
mankind. Endowed with power, man went on unfolding the sec re t but poignant 
s tory of Nature. Thus science made rapid s t r ides in the hands of man and not as 
his brainchild. Several theor ies were propounded to explain the observed facts . 
With the severe impact of new and bet ter convincing ideas , some old concepts were 
dislodged; but some survived possibly because of their solid base . To the utter 
shock and dismay of many rat ional thinkers and sc ient is ts , some theor ies a re still 
deep-rooted and heavily protected by scientific bigots and demagogs despite their 
numerous proven shortcomings and fal lacies . "Ring out the old—ring in the new" 
seems to be the des i rable guideline for the true development of science. 
In the following pages, a t tempts will be made to explain a specific group 
of well-establ ished scientific facts in the light of "cause-effect" phenomenon. 
Survey over Bonding Mechanisms 
Different types of bonding forces hold the a toms together in solid state 
such as the Van der Waal ' s bond, the ionic bond and the covalent bond (metall ic and 
non-metal l ic) . 
The unsymmetr ica l or unbalanced distribution of e lec t rons around the 
nucleus c r ea t e s oscil lat ing e lect r ica l dipoles . The force produced between the 
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opposite ends of dipoles in neighboring atoms or molecules tends to attract them 
together. In other words, the interaction of these dipoles gives rise to the 
Van der Waal's bond. In comparison to chemical bonding like covalent and ionic 
bonds, the Van der Waal's forces of bonding are weak and short-ranged. These 
forces also occur between neutral atoms. In the event of chemical bonding amongst 
atoms in solid state, the Van der Waal's forces play a negligible role in the deter-
mination of atomic lattices as contrasted to molecular lattices. 
A structure held together by ionic bonds takes place when there is a mutual 
electron transfer between atoms. Such bonds usually develop when atoms from ex-
treme left in the periodic table are allowed to mix with atoms from extreme right. 
The atoms of the alkali or alkaline metals strip off their outer electrons which in 
turn are accepted by the halogene or chalcogene atoms in their empty quantum 
states in the outer partly filled shells. Within an ionic structure two kinds of 
forces dominate because of the existence of the charged particles or ions. One 
kind of force is an electrostatic attraction and repulsion between positively and 
negatively charged ions. This force is essentially scalar in nature, and is inverse-
ly proportional to the square of the distance between the two charged ions. On the 
other hand, when the ions are brought very close to each other resulting in the 
6 12 
overlap of outer electronic shells, a repulsive force in the range of r to r (r 
being the ionic radius) is generated. 
Ionic or polar crystals form in such a fashion that the distance between 
oppositely charged ions is least and the distance between equally charged ions is 
greatest. For ionic crystals Born (1) and Madelung (2) proposed that when the 
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forces of electrostatic attraction and repulsion (caused by shell overlap) balance 
each other, an equilibrium distance between the oppositely charged ions is ob-
tained. In case of ionic bonding, it would seem that (a) the electron transfer tends 
to make complete outer electronic shells; (b) there is electrostatic attraction be-
tween ions formed; (c) great repulsive forces keep the ions at a distance when the 
complete shells make mutual contact. 
Goldschmidt (3) showed that the formation of ionic lattices depend on the 
atomic size factor or the ratio of ionic diameters. For example, NaCl and CsCl 
exhibit the same electronic pattern, but they differ in lattice type. In CsCl lattice, 
the ionic size ratio is unity and has a coordination number 8; whereas NaCl lattice 
has an ionic size ratio not equal to unity and has a coordination number 6. 
G. N. Lewis (4, 5) proposed the electron pair covalent bond theory in 
1916. This was further developed by Linnett (6). This theory found successful 
applications in organic and inorganic chemistry. A homopolar or covalent bond 
is explained as the linking force engendered by electron sharing between atoms, 
and each atom contributes one or more electrons to the bond. In an extended 
lattice or molecule, addition of atoms is continued until all the atoms achieve 
filled electronic shells by dint of electron sharing. As such carbon having four 
valence electrons per atom, crystallizes in the diamond lattice with four nearest 
neighbors. Thereby each carbon atom gets a total of eight shared electrons. 
Similarly, As, Sb and Bi having five outer electrons per atom crystallize in a lat-
tice with three nearest neighbors, since these elements must share electrons with 
three neighbors to obtain eight electrons necessary to form a closed shell 
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configuration. In 1930, Hume-Rothery (7) proposed the (8-N) rule, where N is 
the number of outer shell electrons, and the factor (8-N) provides the number of 
nearest neighbors in the lattice. This rule is followed by many elementary cova-
lent crystals in the columns 4, 5, 6 and 7 of the short periodic chart. The cova-
lent bond is limited by the size factor. 
Theories of Metallic Bonding and Engel Concepts 
Out of several theories proposed for metallic bonding, the following two 
stand out as significant ones: 1) Electron gas theory and 2) Electron pairing theory. 
The electron gas theory has been developed in various stages. In the early 
stage, the concept of an electron gas in the metallic state as envisaged by Drude (8) 
and Lorentz (9) was dominant. It was postulated that the outer bonding electrons 
of the atoms ionize off to generate an "electron gas" which in turn diffuses through 
a lattice made up of positively charged metal ions as shown in Figure 1 (16). This 
theory could account for the conductivity of metals but failed to distinguish a con-
ductor from an insulator. Moreover, this could not predict the experimental values 
of specific heats of the elements. 
In an attempt to overcome these limitations, Sommerfeld (10) proposed 
the principle of quantum mechanics. According to the Sommerfeld theory, the 
bonding atoms ionize off their outer electrons which assume quantum states common 
to the entire atom assembly (either a molecule or an extended lattice). It was also 
postulated that the sum of all the electrons quantized to a very large assembly of 
ionized atoms known as the electron gas hold the ionized atoms together by electro-
static attraction. The spin interactions were considered extremelv small and other 
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interactions were ignored. It was assumed that the valence electrons belong to 
the entire crystal structure, and with the formation of solid phase the energy 
levels of electrons are rearranged. The Sommerfeld theory further assumed that 
the electrons move inside a metal at a constant potential as illustrated in Figure 1. 
A successful explanation for a very low electronic contribution to specific heat is 
obtained from the Sommerfeld theory, yet this could not explain the difference be-
tween a conductor and an insulator. It was equally unable to explain the reason for 
the magnetic properties in metals and the relationship between typical metallic 
crystal systems and electron concentration in metals. 
In the later stage, Bloch (11) advanced the idea that the valence electrons 
move in a periodic potential field as demonstrated in Figure 1. The quantized gas 
theory of Sommerfeld got the modern form on a non-causal basis from Brillouin 
(12). The various assumptions outlined above provide an outstanding outcome. 
That is, barring the restrictions imposed by Brillouin zones and metallic lattice 
boundaries, the electrons have the ability to move in a metal in all directions with 
corresponding different velocities. The electron gas-Brillouin zone theory accounts 
nicely for the electrical properties, especially of semiconductor phenomena; pro-
vided the electrons are allowed to exhibit various electron masses ranging from 
positive to negative. However, the theory does not explain many physical properties 
like melting points, phase diagrams, Young's modulii and alloying behavior etc. 
Besides there are several direct contradictions with facts such as atomic sizes in 
solids and the explanation of quantization without a physical cause. 
A particle enters a quantum state only when it adopts an orbit in which the 
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path length is an integer of the mass wave length. This is usually believed to be 
the cause of quantization. But according to the Brillouin zone theory, the electrons 
are supposed to move with velocities in essentially straight lines in such a way 
that the mass wavelength fits into the periodicity of the lattice. This proposition 
cannot be supported in view of the fact that i) no interaction between an everchanging 
electrostatic field and mass waves has been known by any evidence, ii) a stationary 
field and a moving wave cannot react to produce a stabilized movement. 
The energy band theory, however, is able to define the difference between 
.conductors and insulators. In a good electrical and thermal conductor like a metal, 
the electronic energy bands within the Brillouin zones remain partially filled with 
electrons forming a Fermi surface above which there are empty quantum states and 
below which all quantum states are filled. Electrons at the Fermi surface can move 
in an externally applied electrostatic field. In an insulator, however, the energy 
band in the crystal is completely filled and separated from the next band by a so-
called forbidden region of energy, so that the electrons become incapable of under-
going transitions to adjacent quantum states. 
Seitz (13), Pauling (14), Mott and Jones (15) and a host of other physicists 
have given extensive mathematical treatments to the energy band theory. It may be 
noted here that the mathematical model derived from the gas theory just fits certain 
experimental observations. In spite of a popular acceptance and support in the world 
of solid state physics, the band theory has obviously incorporated many non causal 
concepts, and is, therefore, more a religion than a science. 
In accordance with Bohr's atomic model, electrons in a free atom can 
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occupy different quantum states. Each electronic state in a particular atom is 
characterized and described by a definite energy and a set of four quantum num-
bers e.g. n, 1, mj and m g . In atoms where only one outer bonding electron per 
atom is available, the electron will be an s electron in its ground state. Pauling 
showed by calculation that these s electrons exhibit a symmetrical distribution 
around the nucleus like hollow balls. A very important characteristic of s, p, d 
and f electrons is a fixed location of orbit or the electron density pattern. Accord-
ing to the band theory, the fixed electrons in free atoms lose their characteristic 
identity when the atoms condense to a solid phase; and consequently their specific 
behavior becomes entirely changed and cannot be calculated without extreme 
difficulty. The band theory creates another difficulty by its postulate that all the 
bonding electrons move in different directions within a Brillouin zone. That is, 
there would be no specific shape of a single bonding electron density if it were 
really true. Besides, as a result, all the metallic lattices would be something 
like a close packed lattice, because directional forces cannot be deduced from the 
gas concept. The model is further unreasonable because it. for example, postu-
lates an energy gap between the second and third p-electrons. This postulate is 
necessary to explain the insulator properties, but has no physical or chemical 
justification. 
Furthermore, when we examine the atomic size of the inert gas atoms and 
adjacent alkali metal atoms (Figures 5, 6 and 7; Chapter II), the fallacy of gas 
theory is easily exposed. If the electron gas theory were true, consequent upon 
ionization of metal atoms, the outer shells of sodium ions should be expected to 
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touch each other. And as such the metallic Na atoms should be expected to be 
smaller than the previous inert gas atoms Ne, or the sodium ions should be about 
the same size as atoms in metallic Na. But the reverse is true. And it is known 
that all metallic ions are much smaller than the same atoms in the metallic state. 
Engel (16) suggested the reflected electron theory (Figure 1) in an attempt 
to surmount this difficulty. According to this, the electrons get reflected from the 
lattice planes and adopt orbits within atom tetrahedrons and atom octohedrons such 
that the path length becomes an integer of electron mass wavelength. This theory 
was not accepted since it was believed that it envisaged the electrons to enter quan-
tum states on a potential top. As a matter of fact, in case of gas theory the elec-
trons do the same more explicitly. 
The aforesaid inadequacies and haziness of the electron gas theory warran-
ted the necessity of a clear picture of bonding mechanism in metals on a rather 
causal basis. 
The electron pairing theory was introduced by G. N. Lewis (4, 5). This 
theory is essentially based on the concept of stability of filled electronic shell as 
established by spectroscopic data (Hund's rule) (24). Subsequently Heisenberg (17) 
in 1925 and Schrodinger (18) in 1926 applied the concept of quantum mechanics to 
the electron pairing theory in order to explain the covalent bonds. Heitler and 
London (25) and Hartree (26) provided a better quantitative basis for the calculation 
of bonding of electron pairs . Although supported by many experimental facts from 
spectroscopy, organic and inorganic chemistry, the Hume-Rothery (8-N) rule, 
atomic distances etc. , the pairing theory is still less understood and as such less 
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investigated in comparison to the gas theory. In 1949 Engel (19) for the first 
time extended the concept of electron pairing to account for the metallic covalent 
bonding. Engel further applied his ideas to explain the metallic properties such 
as cohesive energy, melting points, boiling points, elastic properties, activation 
energies, phase diagrams, electrical properties, etc. by postulating that the 
metallic lattices are electron concentration controlled. Brewer (20) much later 
recognized the virtue of the Engel concepts and used them extensively in many 
areas especially in prediction of high temperature metallic phase diagrams. 
As pointed out earlier, the covalent bonds occur due to the interatomic 
binding forces generated by the sharing of electron pairs. In other words, when 
lattices or molecules are formed, all the electrons which hitherto were unpaired 
in the free atoms become stably paired. All electrons remain in quantum states 
around one atom only, preferably the mother atom to form a homopolar bond. 
Besides, according to the electron pairing theory, the bonding electrons always 
retain their specific identity or character e. g. size and shape of orbit and energy 
level in forming bonds. Owing to the liberation of energy by (external) pairing, 
the initially fixed electronic energy levels appear lower which may be different for 
s, p or d electrons. Whereas in case of the gas theory, the electrons enter new 
quantum states and get quantized to the whole multiatomic complex by itself. Fur-
ther, it is argued that the energy levels of s, p and d electrons on the Fermi surface 
rather combine together to form a band of energies. 
The Engel concepts are essentially based on the generally accepted view 
that the free atom possesses a well defined pattern of quantum states. Engel (19, 16) 
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introduced the idea that these quantum s ta tes a re basically r igid. Through a new 
par t ic le model he introduces a new force which r e l e a s e s energy when par t ic les 
occupying quantum states pa i r . He considers it a lmost absurd that the electronic 
quantum states linked to many ions can exist as ordinary moving e lec t rons ,s ince 
no quantum state can develop on potential maxima or r idges . Also no quantum 
state can be fixed when related to many atoms constantly changing distance due to 
heat v ibra t ions . For eventual bonding between the a toms, the e lec t rons have got 
to jump from one quantum state to another . More bonding electrons may generate 
due to e lectron jump and some e lect rons may remain in excited s ta tes forming 
more bonds. Engel (19, 16) postulates that the atomic bonding takes place due to 
the formation of e lectron p a i r s . Engel (21, 16) also proposed a cause-effect 
re la ted part ic le model to account for the physical forces and mechanisms re spon-
sible for the quantization and pair ing of e lec t rons . It i s postulated here that all 
the par t ic les a r e built up of energy waves propagating with the velocity of light in 
a fixed frame of reference or a so-cal led wave c a r r i e r or e ther . According to 
this model, the moving par t ic les have been considered as elongated par t i c les or 
long snake-like s t ruc tu res exhibiting wave proper t ies r a the r than as points or 
bal ls . 
Recognizing the different effects of bonding electrons in s, p, d and f s ta tes , 
Engel (19, 22) advanced the electron osci l la tor theory, according to which the e lec -
trons in quantum sta tes behave as rigid osc i l l a to r s . Founding on this while extend-
ing the Hume-Ruthery (18 N) rule , Engel (19, 23) proposed the famous "Engel 
Corre la t ions" in which the metal l ic la t t ices have been viewed as e lectron 
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concentration phases. In this respect, Engel postulates that the metallic lattices 
are controlled by the number of outer bonding electrons per atom. As such, the 
body centered cubic lattice is a one electron per atom phase, the hexagonal close 
packed lattice is a two electrons per atom phase and the face centered cubic lat-
tice is a three electrons per atom phase. In this light, an examination of the 
transition metals proves most interesting. In transition metals, all unpaired d-
electrons participate in the bonding process, but don't control the lattice type— 
which is solely a function of the number of outer (s+p) bonding electrons (19, 23). 
The Engel Correlations successfully account for the distribution of lattices 
over the periodic chart on a causal basis. The lattices of metallic elements in 
different periods can be determined by the concentration of outer bonding electrons. 
These correlations can also be applied in the reverse order, such that the electron 
concentrations can be determined from the lattices. The Engel concept of bonding 
can be used to explain the causal relationship between the bonding mechanism and 
the thermodynamic, electrical and magnetic properties of the metals (especially 
for the transition metals). Engel's theory has several other useful and important 
applications in explaining the atomic size, the inorganic structural rules, physical 
properties, compound formation, alloying behavior and prediction of phase diagrams 
etc. 
We will examine here the thermodynamic properties of the elements in the 
periodic table as explained by the Engel Correlations. As demonstrated in Figures 
2, 3 and 4, we can find that the peaks of melting point curves appear in the middle 
of the transition elements, sixth column and in the middle of the normal elements 
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and fourteenth column. The sixth column elements with b . c . c . la t t ices have one 
outer e lectron per atom. Thus in the sixth column elements , the d-electron 
shells remain half filled and all the five d-e lec t rons a re unpaired and par t ic ipate 
in bonding. Since five unpaired d-e lec t rons is the highest number possible , highest 
bonding strength and melting point should be expected in the sixth column. In the 
fourteenth column elements having no d-e lec t rons , four outer e lect rons per atom 
take pa r t in bonding. The peaks in melt ing point and bonding strength in normal 
elements again appear in the fourteenth column, as four covalent bonds in normal 
e lements i s the highest number obtainable. 
According to the gas theory, the upper energy levels have been assumed 
to be the same for s, p and d e lec t rons . According to the Engel1 s postula tes , the 
energy levels and orbit s izes of bonding e lec t rons should differ. As will be seen 
in the following chap te rs , the p resen t investigation has been undertaken to verify 
the Engel theory. It i s hoped that compress ion or tension would provide a m e a s u r -




As defined ea r l i e r , the purpose and approach of this investigation will be 
descr ibed in this chapter on the basis of the electron pair ing theory and Engel 
concepts . 
It i s of paramount importance to note the Engel postulate that the bonding 
e lec t rons maintain their charac te r i s t i c size and shape of orbit and energy level 
in bonded condition (solid state) as well as in free atom. Besides owing to the 
energy re leased by electron pairing, the originally fixed electronic energy levels 
appear lower. In transi t ion meta l s , the outer (s+p) e lect rons make bonds se lec -
tively with (s+p) e lec t rons and d e lect rons give the s trongest bond with other d 
e l ec t rons . That i s , the half-filled d shell (with five unpaired d electrons) provides 
the maximum bonding strength. In pure transi t ion e lements , an equil ibrium exis ts 
between the concentrat ion of s+p e lec t rons and d e lec t rons . This equil ibrium is 
influenced by average nuclear charge, t empera tu re and p r e s s u r e e tc . According 
to the Engel theory, in such meta l s , both s+p and d e lec t rons take par t in atomic 
bonding. It should be borne in mind that the outer (s+p) e lect rons a re latt ice con-
trol l ing, whereas d e lec t rons are not. This is re la ted to the fact that the bonding 
energy unleashed per d electron bond is about twice that re leased by formation of 
outer e lectron bond. 
In the p resen t investigation, it has been considered reasonable to assume 
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that the interatomic distance in solid state is controlled by the sizes of the s+p 
electron orbits as well as the d electron orbits. In this connexion, a study of the 
atomic distance variations over the fourth, fifth and sixth periods will be inevitable 
(Figures 5, 6 and 7) (27). In these figures, the upper curves represent a calculated 
atomic distance assuming that bonding is controlled by outer (s+p) electrons only; 
the lower curves indicate a calculated atomic distance assuming only inner d elec-
trons determining the atomic distances. The thick line curves give the actual 
atomic distance as measured by X-rays. We find invariably a dip in the middle of 
the transition elements i . e . smallest atomic size. In other words, a maximum of 
five-d bonding is dominant here and the atomic size or the interatomic distance 
becomes minimum. In the transition elements, it appears that a kind of s tress 
operates between (s+p) and d electrons; d electrons pulling down and s+p electrons 
pulling up. A s a result, the s+p electron shell finds itself in a state of compression 
by drawing energy from the d electron shell. 
For the calculation of the upper curves, the assumption has been made that 
the atomic distance contracts with increasing nuclear charge. For example, Rb 
being the first element in the fifth period (Figure 6), will have only one s electron 
in the fifth shell and no d electrons in the fourth shell. For the upper curve, the 
calculated values of each element in the fifth period are given by the relationship 
Rs. 37 
— ~ - , where Rs is the atomic distance between Rb atoms in solid state, 37 is the 
CJ 
atomic number of Rb and Z is the atomic number of the particular element. Simi-
larly the values for the lower curve corresponding to each element in the fifth 
2 
Rs 37 4 
period is obtained from the relationship —=-— . — , where 4 and 5 are the principal 
Z 52 
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Figure 5. Atomic Distance of the Fourth Period Elements, 
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Figure 6. Atomic Distance of the Fifth Period Elements. 
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quantum numbers for the d electrons in the fourth shell and s electrons in the 
fifth shell respectively. The upper and lower curves in the fourth and sixth 
periods (Figures 5 and 7) are plotted on the basis of similar computations. 
In the first chapter, it was derived from the Engel postulate that the highest 
bonding strength shows up in column six elements (Cr, Mo and W) having one outer 
s electron and five d bonding electrons. As is evident from Figures 5, 6. and 7, 
in case of Cr, Mo and W the actual atomic distances are close to the lower plots, 
which have been constructed considering that only d electrons were responsible 
for the bonding process. However, a considerable variation in actual atomic 
distances could be noted for the remaining elements of these three periods. Most 
atomic distances are located in the region between the upper and lower plots in 
each period. In light of the above, it would seem reasonable to state that the atomic 
distances of alkali metals K, Pvb and Cs (column one) are determined only by s 
electron bonding; and that of Cr, Mo and W (column six) are dominated by d elec-
tron bonding. The atomic distances of the elements between the two extremes are 
influenced by both outer and inner electrons. As such the actual interatomic dis-
tances should essentially depend on the number of s+p as well as d electrons. It 
will be reasonable to assume that the electron transfer between the outer and inner 
shells is determined by the following factors: (i) the electronic structure of free 
atoms (ii) the promotion energy necessary for the movement of electrons between 
the outer and inner shells and (iii) the bonding energy. 
The atomic distance and at times the crystal structure are affected by 
thermal energy; the transition elements Ti, Zr and Hf (column four) exhibit 
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allotropic transformations. For instance, the low temperature a phase of Ti 
(H. C. P.) changes to the high temperature § phase of Ti(B. C. C.), as one electron 
drops from s+p shell to the 3rd subgroup due to thermal vibrations. Because heat 
energy can expand a metal and can influence its electronic structure resulting in 
allotropic transformations, it is believed, that an application of s tress (one axial) 
or pressure (three axial) can also alter the electronic structure of a metal. Upon 
stressing or compression, the difference in shell size between the outer (s+p) and 
d electrons or the promotion energy between the outer and inner shells should 
give rise to the electronic movements between these shells. In transition metals, 
as a rule, the d bonding will be favored and the s+p bonding will be unstable under 
pressure. 
The electron movement between the outer and inner shells becomes quite 
unlikely and increasingly difficult, when a high promotion energy between the two 
shells is needed for such movement. The high promotion energy region occurs in 
extreme cases where the actual atomic distances are very close to the upper or 
lower curves. For example (Figures 5, 6 and 7), the atomic distances of Cr, Mo 
and W are considerably close to the lower curves giving a pure d electron bonding, 
and that of K, Rb and Cs almost touch the upper curves, representing a pure s 
electron bonding. Fastest electron movements should, therefore, be expected in 
case of elements whose interatomic distances are placed between the upper and 
lower curves and where the promotion energy required for electron movement 
between the two shells is the least. That is, under pressure or s tress , a better 
propensity for electron movement could be anticipated in column four elements 
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(Ti, Zr and Hf) of lower promotion energy region than in column six elements 
(Cr, Mo and W) which belong to the higher promotion energy region and where 
the atomic size variation with increasing electron addition matters little. 
When a metal is stressed or compressed, its atomic distance is changed 
influencing the lattice vibrations. As such the electronic structure is also 
changed. According to the electron gas theory, the lattice is expected to cool 
down in compression, since the electrons absorb energy. But to the contrary,the 
lattice heats up. When the atoms are brought closer to each other, the velocities 
of electrons in gaseous quantum states increase. Li the compressed material the 
electrons should move faster due to their shorter wavelengths; and as such the 
kinetic energy of the electrons goes up. It is known that the kinetic energy of 
electrons in quantum states originate from potential energy between the charges 
(in free atoms), half of which emits as light. In compression, the acceleration 
of electrons should cause the electrons to absorb energy according to the gas 
theory. However, a calculation for energy absorbed by the electron gas in com-
pressing Na,as illustrated in Appendix A, shows a clear disagreement of the elec-
tron gas theory with the observed facts. 
According to the Engel concept, it is expected that a suitably designed 
adiabatic heat experiment could provide a means to measure the electronic move-
ment between the outer and inner shells due to tension or compression. This paper 
will be confined to the investigation of adiabatic heat of compression of many ele-
ments with a special interest in metals. The internal energy change of the ele-
ments because of compression can be determined in the following way: 
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Change of Internal Energy = Heat Output - Work Input. 
(The heat output is the temperature increase due to compression multiplied by 
the specific heat of the material.) The electron movements between the outer 
and inner energy levels by virtue of promotion energy should be measurable as 
a part of the internal energy change. The trend of electron movements could 
also be obtained by a study of promotion energies between the different energy 
levels. It is hoped that this investigation will help provide a causal understanding 





The experiment is designed to investigate the thermoelastic effects of 
metals in order to indicate the electron movements between its outer and inner 
shells (in metals) associated with compression. This indication could be found 
in the adiabatic heat of compression. 
A dynamic hydrostatic pressure device was considered suitable to accom-
plish the desired end. Through this device a cyclic three-axial s tress or pressure 
could be applied providing an adiabatic condition. For this purpose, a punch press 
machine with a frequency of 4 c .p. s. and a throw of 1 1/2" was employed in con-
junction with a Irydrostatic pressure vessel. The frequency of cyclic compression 
was optimum for the prevention of heat exchange with the surroundings and for 
easy recording. Figure 8 shows a schematic sketch of the principal parts of the 
pressure generating vessel and insulated heat output system. Figures 9-11 are 
the photographs exhibiting the arrangements of punch press machine, pressure 
vessel and electrical gadgetry (Figure 9a), a closeup of pressure vessel, valve 
and pressure cell (Figure 9b), specimen holders and specimen (Figure 10), and the 
details of insulated heat output system (Figure 11). The pressure variation is 
measured by a pressure cell attached to the pressure vessel. The thermocouples 
placed on the specimen measure the temperature increase due to elastic compression 
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Grip for punch press 






in lowest position 
Pressure release valve  
Teflon 0-rings 
Opening for pressure cell 
Neoprene O-ring 





Insulated output system 
3/8" standard threaded 
fi ho les 
Figure 8. Setup for Pressure Vessel & Heat Output Measurement. 
A. Temperature calibration box 
Bl. Amplifier 
C. Punch press machine 
D. Pressure vessel 
E. Electrical connexions 
Figure 9a. Arrangements of Punch Press Machine, 
Pressure Vessel and Electrical Gadgetry. 
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A, Pressure vessel 
Bl . Pressure cell 
C. Valve 
D. Plunger 
Figure 9b. A Closeup of Pressure Vessel, 
Valve and Pressure Cell. 
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A. Main specimen holder 
B. Specimen holder 
C. Specimen 
D. Neoprene O-r ing 
E. Thermocouple cold junctions 
Figure 10. Specimen Holders and Specimen. 
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A. Double specimen holder 
B. Screw 
C. Steel washer 
D. Teflon disc 
E. Disc (thermocouple material) 
F. Thermocouple wire 
G. Teflon cup 
H. Insulating tube 
Figure 11. Details of Insulated Heat Output System. 
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under adiabatic condition. 
Instrumentation 
The layout diagram (Figure 12) shows the basic instruments used in our 
experiment. An oscillograph was invariably employed to measure the two vari-
ables, temperature and pressure simultaneously in terms of their corresponding 
electromotive force variations. In order to measure the temperature variations, 
the thermocouples on the specimen send electrical signals to a visicorder via an 
amplifier wherein these are recorded on the photographic paper as changes in 
thermal e.m.f. Similarly the pressure variations were measured as potential 
changes from the Weatstone bridge of a pressure cell connected to the pressure 
vessel and recorded on the same visicorder through a different channel. Because 
the temperature variations due to compression were too small to be recorded 
directly, an amplifier was used before recording on the visicorder. A precision 
potentiometer was also employed to standardize the D.C. power supply to the 
pressure cell and for the calibration of temperature and pressure measuring 
devices. A brief description of the important instruments used will be given 
below. 
As described above, for direct recording of temperature and pressure 
variations, a rack mounted type Honeywell model 1508 Visicorder was used. The 
writing frequency of the oscillograph can be varied from 0 to 5, 000 c.p. s. depend-
ing on the type of miniature galvanometer used. Out of several electromagnetic 
damped galvanometers, M40-350A was chosen for temperature measurement, and 
M100-350 for pressure measurement. The galvanometer M40-350A has a flat 










Circuit of P r e s s u r e 
Cell 
TEMPERATURE PRESSURE 
Figure 12. Layout of Principal Instruments. 
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frequency response of 0-24 c . p . s. and voltage sensitivity 0.250 mv/ in , whereas 
the galvanometer M 100-350 has 0-60 c . p . s. and 0.529 mv/ in respect ively . (It 
has been shown in Appendix C that the accura te value of the voltage sensitivity 
of galvanometer M 100-350 is 0.529 mv/ in and not 0.432 mv/ in as given in the 
v i s i co rde r operat ing manual .) 
Keithly model 148 Nanovoltrneter (Figure 9) was used to amplify the 
measured thermal e .m. f . before record ing on v is icorder , since the cor respond-
ing t empera tu re variat ion involved was very smal l . For our experimental purpose, 
the amplification of 0. 1 millivolt range was fairly suitable and produced no noise . 
The amplif ier can also be operated by a ba t tery . This assured a complete i sola-
tion of A . C . power line, as such eliminating grounding difficulties, noise ar.d 
other in te r fe rences due to A .C . 
For p r e s s u r e variation measurement , BLH type DHR p r e s s u r e cell was 
employed. The cell has a capacity of 20, 000 p . s. i . g. and can take a load of 20 V. 
It can t rans la te changes in fluid p r e s s u r e into corresponding changes in output s ig-
nal voltage (in mv). In this p r e s s u r e cel l , bonded foil-type SR-4 Strain Gages, 
especially designed for diaphragm s t ra in measuremen t s a re used, and a re con-
nected in a Wheatstone bridge c i rcu i t . Any variation of fluid p r e s s u r e displaces 
the p r e s s u r e sensing element or the diaphragm, which in turn causes the s t ra in 
gages to change re s i s t ance slightly. The bridge balance i s upset due to this change 
in r e s i s t ance and produces a change in output signal which var ies proportionally to 
the p r e s s u r e change on the diaphragm. 
Leeds Northrup 7553 Type K-3 Universal Potent iometer was used in order 
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to maintain and check a constant D. C supply on the p r e s s u r e cell and for the 
cal ibrat ion of t empera ture and p r e s s u r e measur ing c i r cu i t s . This potentiometer 
can m e a s u r e only from 0 to 1. 6110 vol ts . And since it was required to apply 5 V 
on the p r e s s u r e cel l , a special device as shown in Figure 14 was adopted to measu re 
beyond 1. 611 V. According to this , the unknown e .m. f . i s connected a c r o s s a 
s e r i e s of p rec i s ion r e s i s t o r s and a definite known fraction of total unknown e. m.f. 
i s applied to the potentionmeter. By multiplying the potentiometer reading by the 
factor 5, the total unknown e .m. f . on the p r e s s u r e cell i s easily evaluated. As 
i l lustrated in Figure 14, the definite known fraction of unknown e .m. f . a c r o s s 
FG is about 1 V; as such the total unknown e .m. f . a c r o s s EG tu rns out to be 
approximately 5 V. This is also roughly checked from the reading of vol tmeter 
incorporated in the v is icorder . 
Device for Tempera ture Measurement and Calibration 
For t empera tu re measurement , a wide range of methods was adopted to 
fix thermocouples on the spec imens . Small cylindrical (usually of 1/4" dia. and 
1/2" length) or block-type specimens of e lements of varying s izes were prepared 
depending on the s ize , shape and weldability of the available ma te r i a l . C o r r e s -
pondingly, the specimen holders differed in design and were made in plexiglas 
and phenolic. But all had a pair of small screws to tighten the spec imens . In 
case of a B . C . C . metal , the thermocouple wi res were mechanically punched into 
small grooves worked out on the face of the cylindrical specimen fitted in an e spe -
cially designed vice before putting it into the holder. The holes for wi res were 
closefit for a good thermal contact but not too close fit to have any s t ra in on it 
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Thermocouple 
39 K ohm 
Figure 13. Circuit Diagram for Temperature Calibration. 
C Straingage Wheatstone Bridge 
Input Resistance: 415.9 ohm 
Output Resistance: 350. 2 ohm 
V: Visicorder 
P: Potentiometer 
Figure 14. P r e s su re Cell Circuit in Conjunction with a Device 
for Voltage Multiplication Factor . 
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arising from the viscosity of the transmitting medium. On round surface of 
cylindrical and flat surface of block-type speciments, the thermocouple wires 
were resistance welded by a spot welder. A good thermal contact of thermo-
couples was nsured by a checking device. The thermocouple wires were just 
stuck in on the block-type specimens of sulfur and alkali metals Li, Na, K and 
Rb. A special mild steel cup was employed to hold Hg and Cs (melting point 
28 C). Insulated thermocouple wires were again stuck into the metal. The exper-
iment on Cs was performed at different temperatures ranging from 15-30 C. Low 
temperature of the metal was attained by covering parts of the pressure vessel 
with dry ice, and a hair dryer was used to raise the temperature. Special care 
was taken to prevent the oxidation of the alkali metals and other susceptible metals 
during handling and experimenting. A suitable e.m.f. range was provided by 
chromel-alumel thermocouples. Since wires of 0. 002" dia. did not give repro-
ducible results in most cases, the wires used were of 0. 0125" dia. except in case 
of W and Te, where 0. 002" dia. wires were emploj^ed. The 0. 002" dia. thermo-
couple wires were spot welded on W specimen, whereas on Te specimen these 
were pressed in by a hot solder gun. On Ge specimen, 0. 0125" dia. wires were 
fixed rigidly in fine drilled holes. Since it was not possible to weld or punch 
thermocouple wires on Si, the 0. 0125" dia. wires were tightly held between the 
flat surfaces of two small pieces of Si (p-type) in the specimen holder. This gave 
a good thermal contact. In general, the two thermocouple wires were affixed to 
the specimens near each other, but not touching each other. In case of Si and S, 
however, the two ends of the wires were prewelded before affixing to the specimens. 
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Throughout the thermocouple wires were carefully insulated with spaghetti 
plastic tubes. Figures 10 and 11 show the specimen, specimen holders and insu-
lated heat output system. In order to avoid thermal noise while measuring small 
thermal e.m.f. s. , electrically shielded copper cable and clamps were used to 
connect the specimen thermocouple and the amplifier. Usually two pairs of thermo-
couples were employed in order to obtain repetitive and reproducible results for 
the same element. Cold junction correction was not necessary, since only temper-
ature variation and not the absolute temperature was sought to be measured. 
Figure 13 illustrates a special electrical circuit for temperature calibra-
tion, since the conventional temperature calibration devices are of no use in our 
case, where very low temperature variations are involved. The calibration cir-
cuit consists of a series of 80K ohm and four standard 1 ohm resistors connected 
to a D. C. source. A four-step switch was connected to the group of four 1 ohm 
resis tors . The universal potentiometer could measure the potential difference 
between X and Y accorately up to four decimal places. In this way, an accurate 
potential drop across the group of four 1 ohm resistors was represented as four-
step deflection on the visicorder photographic paper. The details of the calibra-
tion calculations are given in Appendix B. Figure 16 shows a photograph of a 
typical curve of temperature calibration, where J cm of temperature deflection 
equals to 0.1068 V. 
Device for Pressure Measurement and Calibration 
The pressure system is composed of an especially designed pressure 
vessel connected to a punch press machine. A pressure cell is attached to the 
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pressure vessel. Depending on the pressure tightness and absence of air in the 
vessel, a pressure up to 2, 780 p. s . i . g. could be developed. A purely hydrostatic 
pressure is necessary for a uniform three-dimensional stress on the specimen. 
The experiments with glycerine gave non-consistent and erratic results, although 
it developed a very high pressure because of its quite low compressibility. The 
deflections obtained on visicorder due to temperature and pressure variations were 
rather abnormal with flat ends. At pressure levels generated by glycerine, thermo-
elastic effect seems to lose its linearity with pressure. As such a lube oil with a 
low compressibility to generate a reasonably high pressure was used which gave 
normal deflections and consistent results . The cylinder of the pressure vessel 
employed has a capacity of 100 cc. The contrivance for the generation and trans-
mission of hydrostatic pressure on the adiabatically insulated specimen is shown 
in Figures 8 and 9. The pressure vessel parts are made of ferritic stainless steel 
except the plunger which is a hardened drill rod. The pressure technique required 
a leakproof sealing extensivety. The plunger or piston of pressure vessel was 
connected to the head (H) of the punch press , and the rest of the vessel was rigidly 
fixed on the base (B) of the machine. About complete removal of trapped air from 
the pressure vessel and pressure tightness were the prerequisites for good experi-
mental results . As the head of punch press moves up and down, the fluid pressure 
generates by the displacement of the piston, and in this manner the specimen 
placed in the holder inside the vessel is compressed and decompressed. 
The pressure variation was measured by BLH type DHR pressure cell and 
was recorded on the visicorder. The universal potentiometer checked a constant 
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D. C. supply of 5 V on the pressure cell before and after each experiment. The 
working of these instruments has been described under "instrumentation" above. 
Figure 14 shows the circuit for pressure measurement. The circuit also 
shows how 5 V on the pressure cell can be measured by the potentiometer. In 
Appendix C the detailed computations of pressure calibration have been provided. 
It was found that 1 cm of deflection corresponded to 278 p. s . i .g . pressure. 
Preparation of Specimen 
In most cases, depending on the size, shape and weldability of available 
material, specimens were made in the form of small cylinders (usually of 1/4" 
dia. and 1/2" length) or blocks of varying dimensions. The thermocouple wires 
were of 0. 0125" in diameter, thus the mass of the specimen was always large 
compared to the mass of the thermocouple. In order to determine the influence 
of deformation on the thermoelastic effect, cold worked specimens of Fe and Cu 
were annealed at 1200 F for one hour. The temperature variations of annealed 
specimens due to the elastic compression were compared with those of the cor res -
ponding cold worked specimens. The deformed and annealed Cu and Fe showed 
the same effect, when the hardness was reduced from RB 80 to RB 38 and from 
RB 86 to RB 46 respectively. This result permitted the use of either cold worked 
or heat-treated material. The influence of different pressure levels (generated 
by oil as pressure generating medium) on the temperature variation was checked. 
With specimens much larger in mass than that of thermocouples,the ratio of temp-
erature variation to pressure for different pressure levels was found to be practi-
cally constant. This was also verified when specimens cf Fe and Ti of different 
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diameters were tested at varying pressure levels. These experiments showed 
that the diameter of the specimen exercises no influence on the results. 
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CHAPTER IV 
DISCUSSION OF RESULTS 
Errors in Measurement 
In preliminary investigations, some experiments were carried out with a 
single wire loop in lubricating oil as pressure generating medium. The loop 
generated an unexpected electrical voltage which passed through zero at the 
pressure extremes as shown in Figure 15. No such effect would be expected since 
the wire and leads were of the same material and, therefore, no thermocouple 
effect was possible. Further investigations with copper, chromel and alumel wire 
loops showed the same pressure effect but of varying magnitude. We believe that 
this pressure effect is caused by a pressure gradient developed in teflon discs 
which sit at the bottom of the main specimen holder. Figure 15 shows that the 
pressure effect is due to a differential buildup of pressure in the leads to the loop. 
In view of the influence of pressure effect on our temperature measurements, the 
static device for pressure application was abandoned. Subsequently the dynamic 
method was adopted where this effect could be cancelled out. In this case the pres-
sure and thermocouple measurements are done at the pressure peaks (Figure 15) 
where the wire lead anomaly is zero. 
The systematic error in temperature measurement due to the low frequency 
overshoot of the amplifier is 1.7% for all the amplification ranges. The noise 





Figure 15. Pressure Effect Measured as Differential of Pressure Change. 
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er rors may arise from slight change in alignment of pressure vessel with punch 
pressure machine, non-uniformity of pressure distribution on specimen, presence 
of oil under punched or welded joints and bad thermal contact. The magnitude of 
random er rors vary from specimen to specimen and depends on the size, shape 
of specimen and specimen holder, the manner of mounting the specimen in holder 
and the method of affixing the thermocouples to the specimen. To be able to check 
these influences, each specimen was furnished with two thermocouples. The 
deviations between these are within + 3 per cent as recorded on the visicorder. 
The mechanical deformation of the specimen involved in attaching thermocouples 
and local structural change such as in grain size and oxidation caused by heat of 
resistance welding of thermocouple on the specimen may also contribute to these 
deviations. As a matter of record, the welded and punched thermocouples showed 
no difference in results for the same material. However, the surface condition 
was important. For example, thermocouples welded on rough polished round 
specimen surfaces gave consistent and repetitive results . 
The random er rors could have been minimized by performing the experi-
ments at highest possible pressure in order to magnify temperature and pressure 
variations. Owing to the limitations in our pressure generating techniques, large 
pressures could not be achieved. The compression experiments were conducted 
with a frequency of 4 c.p. & in order to approach an ideal adiabatic condition. This 
was necessary not only for the temperature stability during compression but also for 
an accurate measurement of temperature and pressure variations. Materials with lower 
thermal conductivity are expected to exhibit the greatest deviations from the ideal 
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adiabatic condition. This occurs because the heat exchange to the thermocouple 
takes place through the specimen surface and the thermal coupling to the bulk of 
the specimen is relatively poor. 
The temperature and pressure variations were recorded simultaneously 
as continuous curves shown in Figure 16. The average value of the temperature 
and pressure variations were obtained graphically. For this purpose, the widths 
of the deflections were measured by drawing parallel lines across the peaks of 
five cycles on an average. The accuracy of such measurements was influenced 
by the line thickness on the recording paper which was about 1 mm. Measure-
ments were taken from the same side of the line to minimize the line thickness 
e r ror . The different random er rors from all possible sources do not exceed 
6 per cent. When combined, the systematic and random er rors are within a limit 
of 8 per cent. 
Evaluation of Experimental Results 
The baselines of temperature and pressure curves were set on the opposite 
edges of recording paper of the visicorder. Thus under cyclic compression the 
two deviations moved in opposite directions, thereby, the two curves can be easily 
separated (Figure 16). At the outset the temperature change is due partly to in-
ternal friction. The temperature equilibrium is obtained after the heat of internal 
friction is compensated by the heat losses build up in subsequent cycles. Conver-
sion factors discussed in Appendices B and C were used to convert the graphical 
deflections of temperature and pressure variations into degrees centigrade and 
. 2 
Kg/mm respectively. Table 2 lists the total variations in temperature and 
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A. Temperature calibration curve 
B. Temperature variation curve 
C. Pressure variation curve 
Figure 16. Typical Curves of Temperature Calibration and of 
Temperature and Pressure Variations. 
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p r e s s u r e for each element under investigation. The ra t io of the experimental 
values of t empera tu re change to p r e s s u r e change a re also listed in Tables 2 and 
3, and a re plotted in Figures 17 through 20. 
The equivalent heat of adiabatic compress ion per unit p r e s s u r e can be 
calculated from the ra t io of measured t empera tu re change to p r e s s u r e change 
for each element . The typical example of this calculation is given in Appendix D. 
The physical constants used for all the calculat ions in this paper a re l is ted in 
Table 1. The internal energy change can be calculated by subtract ing the mechan-
ical work done on the specimen from the heat change. In the case of compress ion , 
however, the mechanical work done on the specimen was pract ical ly negligible. 
This was found by calculating the work done on the specimens of severa l meta ls 
in compress ion . Appendix E shows a typical calculation. In compress ion the 
work is small enough to be ignored and, therefore , the change in heat energy per 
unit p r e s s u r e (-ri,) i s considered to be equal to the change in internal energy per 
unit p r e s s u r e (-—r-). In Table 2, the measured—— (or — - ) values a r e given for 
AP AP A P 
all the e lements under study. These a r e also plotted in F igures 21 through 24. 
Figure 25 depicts the thermoelast ic behavior of Cs in compress ion at different 
working t e m p e r a t u r e s . All these measured values and their plots a r e very useful 
for a comparat ive study of e lements over the periodic char t . 
Thermoelas t ic Effect 
The exper imental r e su l t s of the thermoelas t ic effect can be compared with 
the values calculated from the thermoelas t ic equation. The thermoelas t ic effect 
i s defined as the change in t empera tu re of a body during an adiabatic elast ic 
Observed 
Calculated 
—I—i— Ratio of observed to calculated 
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Figure 17. Comparison of the Observed and Calculated Values of " ^ * i n t n e 
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Figure 18. Comparison of the Observed and Calculated Values of AT 
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Figure 19. Comparison of the Observed and Calculated Values of -r— 
in the Fifth Period Elements. 
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Figure 20. Comparison of the Observed and Calculated Values of -— 
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Figure 21. Thermoelastic Behavior of Elements in Compression 










































b Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As 
Figure 22. Thermoelastic Behavior of Elements in Compression 
over Fourth Period. 
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Rb Sr Y Zr Nb Mo Tc Ru Hh I'd Ag Cd In Sn Sb Te 
Figure 23. Thermoelastic Behavior of Elements in Compression 
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Cs Ba La Hi' Ta W Re Os Ir Pt Au Hg Tl Pb Bi 
Figure 24. Thermoelastic Behavior of Elements in Compression 
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Figure 25. Thermoelastic Behavior of Cs in Compression 
at Different Working Temperatures. 
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deformation. At any t empera tu re , the thermoelas t ic effect i s an approximately 
l inear function of the change in s t r e s s or p r e s s u r e (In our investigations the 
exper iments were ca r r i ed out with smal l p r e s s u r e changes). It i s known that 
under adiabatic conditions, the t empera tu re of a metal bar i s decreased by an 
elast ic elongation and i s increased by an elast ic compress ion (28). All meta l s 
which elongate on heating behave in this manner . 
The thermoelas t ic effect should also be a near ly l inear function of t emp-
e r a t u r e , although increas ing deviations from lineari ty must be expected as the 
tempera ture i s r a i sed , especial ly when approaching the melt ing point. It i s noted, 
however, that the thermoelas t ic effect changes appreciably near the Curie t emp-
e ra tu re in case of ferromagnet ic m a t e r i a l s . 
Lord Kelvin (29) derived an equation for the thermoelas t ic effect from the 
thermodynamic postula tes . The following equation shows how a relat ionship be -
tween the t empera tu re and s t r e s s changes for an elast ic elongation can be es tab-
lished from the fundamental thermodynamics : 
AT TCY V 
ACT Cp 
where & i s the coefficient of l inear the rmal expansion, V i s the atomic volume, 
Cp i s the specific heat and T i s the tempera ture in K. The sign of the t empera -
ture change AT is opposite to that s t r e s s change A a. 
In case of an elast ic compress ion , however, the thermoelas t ic equation 
takes a different shape as given below: 
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A T _ + T P V 
AP Cp 
where 3 is the coefficient of cubical thermal expansion and AP is the change in 
pressure. It may also be noted that the sign of the temperature change is the 
same as that of the pressure change. 
AT 
The ratio of the change of temperature to pressure (T^-,) for each element 
under investigation was calculated applying the above equation. A calculation of 
AT 
—— from the thermoelastic equation is illustrated in Appendix F. The calculated 
A 1 AT values of —-j are listed in Tables 2 and 3 and are also drawn along with the exper-




values of •—- are listed in Tables 2 and 3. A comparison of the experimentally 
A T 
obsea:ved values of —— with the calculated ones (Figures 17 through 20) shows 
that the observed values are much larger than the calculated values ranging some-
where between 3 to 55 times. It is remarkable that in case of alkali metals and 
sulfur the observed values are from 3 to 7. 5 times the calculated values. The 
AT 
ratios of the observed to calculated values of —— were plotted in Figure 17 for 
second, third, sixth-a and seventh periods. The ratios between observed and 
calculated values are plotted in Figure 26 for the fourth, fifth and sixth periods 
for a comparison of the transition elements. It is interesting to note that Figure 
26 shows a systematic pattern in distribution of this ratio over the three periods. 
The peaks in the ratio of 30 to 40 almost superimpose in the fourth column, the 
Ti column, whereas the minima superimpose at the low melting Zn column and 














































i As (55.5) 
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Fifth Period 
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Figure 26. Distribution of the Ratio of Observed to Calculated Value of AT 
AP 
in Fourth, Fifth and Sixth Period Elements. 
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or the Ga column. Unfortunately no metals from this column were tested. 
Estimated values are nevertheless inserted in Figure 26. This trend suggests 
that a systematic basis for the understanding of bonding effects may be found in 
the Ihermoelastic results. On the same basis the bonding and electron transfer 
in metals in compression could be explained. However, it should be noted that 
the short periods behave differently with respect to the ratio of observed to cal-
AT 
culated values of — - a s represented by sulfur. Besides in the long periods, this 
iJ, ir 
ratio seems to increase with the period number. At this stage, it cannot be ex-
plained, since the elements in these columns are bonded partly by the Van der Waal's 
forces. Investigations in plastics and similar materials may be necessary before 
this behavior could be accounted for. 
Heat can change the atomic distance of a metal and gives r ise to electron 
movement between its outer and inner shells resulting in phase transformations. 
In a similar way stress or pressure should be expected to produce the same chan-
ges. When a metal is heated, the atoms vibrate at higher frequencies. The solid 
expands because the repulsive forces increase faster when atoms approach each 
other than the attractive forces increase when atoms are pulled apart. With refer-
ence to Figures 5 through 7 (Chapter H), d-bonding will be favored at the cost of 
outer (s+p) bonding when transition metal atoms approach each other, whereas outer-
bonding becomes more favorable when the atomic distance is increased. Upon 
heating the average atomic distance increases but the instantaneous minimum 
atomic distance will be smaller and the instantaneous maximum distance will be 
larger. The effect of the minimum atomic distance will be overwhelming on the 
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electron distribution. This will lead to an increase of d-electron bonds in Ti 
with increase in temperature. This effect will be practically compensated by 
the influence from the time the atoms are at larger distances. 
Uniaxial s tress or triaxial s t ress (compression) produces a similar effect 
on the electronic distribution between outer and inner electrons. In uniaxial s tress 
the atoms are drawn apart in the direction of the applied s tress , but are brought 
together in the two directions perpendicular to the s t ress . Here again we see that 
the effects of atomic distance on the electron distribution are composed of two 
opposite and almost compensating influences. 
In view of the similarity of effects of temperature and uniaxial s t ress , the 
ttiermoelastic effect can be calculated from thermal expansion with reasonable 
agreement (30). In case of a biaxial or triaxial s tress (pressure), however, this 
may not be true. In compression for example, there are no compensating effects. 
This is because of the fact that with the increase in pressure the atoms from all 
directions only approach each other. This results in a change in the atomic dis-
tance in only one direction. The ultimate electronic changes in compression are, 
therefore, cumulative, and should be larger than in case of heating or stretching. 
A T 
This is the reason why the measured —— values in compression have been found 
to be greater than the corresponding values in stretching (30). Because of larger 
AT electronic changes in compression, the measured —- values should be larger than 
AT 
the -—- values calculated from the thermoelastic equation. This agrees fairly 
well with our compression results (Tables 2 and 3). In general, the observed 
thermoelastic effects are larger than the effects calculated from the thermoelastic 
61 
equation. When we compare the alkaline metals (in which no electronic transfer 
between different shells can occur) with the transition metals, it becomes obvious 
that the alkali metals being more compressible and weakly bonded exhibit the 
highest thermoelastic effects (AQ/AP values) as expected. W being the least 
A Q compressible and most strongly bonded gives the least value of -—-. However, 
AT 
the ratio between the observed and calculated values of — vary in a regular 
manner over the periodic chart and in a manner agreeing with an additional 
thermoelastic effect due to electron movement in the transition metals. 
A T In case of alkali metals, the observed —- values are only 3 to 7 times 
A P 
AT 
the calculated — — values. This makes it quite probable that no electronic chan-
ges have taken place in compression of these metals. The electronic part of heat 
of compression is dependent on the product of promotion energy and number of 
electrons moved between the outer and inner shells. The heat of compression 
for the alkali metals is composed mainly of the atomic vibrational energy. The 
AT 
ratio of measured to calculated values of -— decreases from 7.5 at Li over 6.1 
AP 
at Na, down to 5. 2 for K and 3. 2 for Rb and jumps to G. 5 for Cs. This agrees 
with the fact that there are probably no electron movement in the first four 
alkali'metals (no phase changes with increasing pressure), but a slow drop of 
electrons to inner shells in Cs (phase change with pressure). 
Several transition metals exhibit thermal phase changes expressing 
electronic redistribution. It is known that in diffusion, the activation energy 
AQ is temperature dependent in Ti column elements (31). It seems quite reason-
able to believe that in the Ti column elements the temperature has a pronounced 
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influence on the movement of electrons between outer and inner shells. This is 
also consistent with our experimental results that for the Ti column elements the 
AQ 
observed heat of compression (~rrj) is many times greater than the corresponding 
calculated values. As mentioned before, Figure 26 also shows that the peaks 
superimpose at the Ti column. 
Since pressure changes the interatomic distance of a metal, which in turn 
causes electron movement from the outer to the inner shells; hence the internal 
energy change per unit pressure can be related to the promotion energy which in 
fact is a part of internal energy change. In other words, such electronic move-
ments due to promotion energy is measurable as a part of the internal energy 
change. According to the Engel concept, the bonding electrons maintain their 
specific character in the solid state as well as in free atoms. The spectroscopic 
data for the free atom, therefore, could be used in this analysis. On the basis of 
the spectroscopic data, Brewer (20) calculated the promotion energy for the elec-
tronic configurations d s and d sp for the transition elements in fourth, fifth 
and sixth period. These are listed in Tables 4 and 5. Using the spectroscopic 
data, Brewer (20) also plotted the relative promotion energy between d s and 
n-2 
d sp electronic configurations for the transition elements in the fourth, fifth 
and sixth periods, which are presented in Figures 27 through 29 respectively. 
As for each electronic configuration, there are several spectroscopic states 
corresponding to different combinations of spin and orbital momenta of the electron, 
the promotion energy of each configuration is shown as a band in Figures 27, 28 
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Figure 27. Relative Promotion Energy of d s and d " sp Electronic Configurations 
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Figure 28. Relative Promotion Energy of d s and d " sp Electronic Configurations 
for the Fifth Period Elements. 
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Figure 29. Relative Promotion Energy of d s and d sp Electronic Configurations 




period, the d orbitals of the inner shell tend to get stabilized with regard to s and 
p orbitals of the outer shell. For the first three transition metals Ca, Sc and Ti 
of fourth period (Figure 27), we find that the two electronic configurations are 
rather close in respect of promotion energy. Also the B. C. C. (d s) and 
n-2 
H. C. P. (d sp) structures should be expected to be close to each other in pro-
motion energy. Thus, there would be a greater possibility of electron movement 
between the outer and inner shells under external pressure. For the rnetals V 
and Cr in the same period (Figure 27) the two configurations are quite apart since 
n-2 n-1 
d sp is a highly promoted electronic configuration in comparison to d s. 
n-2 
Hence H. C. P. (d sp) structure will be unfavored with regard to B.C.C. 
(d s) structure. This leads us to expect that in this case there would be a 
small chance of electron transfer between the outer and inner shells under pres-
sure. The promotion energies change in a similar manner in the corresponding 
column elements in fifth and sixth periods (Figures 28 and 29) leading to similar 
conclusions. The previous arguments are consistent with our original assump-
tions that both s+p and d electrons control the atomic size of transition elements, 
and that compression should give r ise to the electron transfer between the outer 
and inner shells. However, electron movement should not be expected in non-
transition metals, where either d shells do not exist or are saturated. In the 
event of any electron transfer to higher energy states, the promotion energy 
required would be extremely high. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
The results of the experimental investigations of the thermoelastic effect 
give more insight into the electronic behavior of elements. The following con-
clusions may be drawn on the basis of our investigations: 
1. Because of the cumulative nature of the electronic changes in compression, 
the observed values of change in temperature per unit pressure are much 
larger than the calculated values (from the thermoelastic equation) ranging 
from 3 to 55 times. 
2. One of the most interesting results is that the ratios of the observed to cal-
culated values of change in temperature per unit pressure show a similar 
systematic pattern in its distribution over the fourth, fifth and sixth periods. 
In the transition metals the peaks almost superimpose at the Ti column, and 
fall toward minima superimposed at the low melting Zn or Ga column. The 
normal elements exhibit a minimum at the Zn or Ga column, thereafter a 
rapid increase takes place. The short periods behave differently as repre-
sented by sulfur. This indicates that the ratio of observed to calculated 
values of change in temperature per unit pressure has a distinct and definite 
bearing with electronic structure, bonding, and therefore electronic move-
ments in metals during compression. 
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3. The ratio of observed and calculated values of change in temperature per 
unit pressure varies from 3 to 7 in the case of alkaline metals indicating 
either little or no electronic changes in compression of these metals. Most 
of their heats of compression are comprised of the atomic vibrational energy. 
This ratio decreases from 7. 5 for Li to 6.1 for Na, further down to 5. 2 for 
K and 3. 2 for Rb and it increases to 6. 5 for Cs. This is in agreement with 
the fact that there are probably no electron movement in the first four alkali 
metals (no phase changes with increasing pressure) but a slow transfer of 
electrons to the inner shells in Cs (phase changes with pressure). 
4. The measured changes in temperature per unit pressure for the Ti column 
elements are higher than the corresponding calculated values (from the 
thermoelastic equation). Actually the ratios between observed and calculated 
values are highest in this column elements indicating the greatest electronic 
contribution. Tins is also interrelated with the fact that the activation energy, 
A Q, for diffusion is dependent on temperature, so far as Ti column elements 
are concerned. 
5. In compression, the amount of mechanical work done to the specimens has 
been found to be negligible in comparison to the measured change of heat. 
In view of this, the equivalent heat energy change calculated from the measured 
change in temperature becomes practically equal to the change in internal energy. 
6. With the exception of Mn, the change in heat or internal energy (per gram 
atom and unit pressure) is highest for the normal elements. It decreases to 
a minimum towards the middle of the period covering the transition elements. 
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In particular, Cs has the largest, whereas W has the smallest internal 
energy change with pressure. The heat or internal energy change is higher 
for the fourth column elements than for the sixth column elements. In gen-
eral , the greater the compressibility and weaker the bond, the greater the 
thermoelastic effect becomes. 
7. The electronic changes in elements in compression are cumulative and as 
such become larger than in stressing. This agrees with that the measured 
changes in temperature per unit pressure are greater than the corresponding 
values in stressing. This shows that in compression of a material the thermo-
elastic effect is more pronounced than in stressing. 
8. The thermoelastic behavior of Cs in compression shows that the heat of 
compression (per gram atom and unit pressure) increases with temperature 
except near the melting range where some stagnation is noticed. The increase 
in liquid state is much more rapid than in solid state. 
9. While selecting a suitable material for the specimen holder, some compres-
sion experiments on Teflon and Plexiglas showed that the heat of compression 
exhibited by Plexiglas is about half that of Teflon. Also Teflon showed a 
pronounced thermal after-effect indicating atomic or molecular rearrange-
ment due to pressure changes. 
10. The calculation for energy absorbed by the electron gas in compression of 
Na (Appendix A) indicates a clear disagreement of the electron gas theory 
with the observed facts. 
It appears desirable to recommend the following for further investigations 
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in this area: 
1. Work should be extended to complete the periodic chart elements with a 
particular emphasis on the low melting metals like Ga, In and Tl and also 
P, Se and Sr. 
2. Investigations should include alloy systems, solid solutions, intermetallic 
phases, metastable phases like martensite, and metallic liquids which may 
reveal interesting information with respect to bonding- and properties. Other 
interesting materials for investigation would be plastics, ceramics and 
organic compounds. 
3. It would be of interest to observe the thermoelastic effect due to compression 
of materials at temperatures higher or lower than the room temperature 
especially a comparison at the Debye temperature of the elements. 
4. A contrivance for the application of static pressure on the specimen should 
be designed. This will help make a comparative study of the thermoelastic 
effect with static and dynamic pressure devices. 
5. Experiments ought to be carried out in biaxial s t resses for comparison with 
uniaxial and triaxial effects. 
6. It is recommended that work should be initiated to determine the quantitative 
role of atomic vibrational energy in internal energy change during stressing 
and compression of metals. 
7. The reason for the systematic differences between the observed and calcu-






ENERGY ABSORBED BY ELECTRON GAS IN COMPRESSING Na 
The ionization potential of Na ~ 5.12 eV. 
(This is the energy required to pull the e lect ron out of the potential of 
free a tom.) 
Since 1 eV/a tom = 23. 05 Kcals /gmatom, 
the ionization potential of Na = 5.12 x 23 . 05 
= 118. 01 Kcals /gmatom. 
Now, the bonding energy or heat of atomization = 25.90 Kcals /gmatom 
(This is the energy required to separate the atoms from their lattice 
positions to free s ta te . ) 
Hence, the total energy requi red = 118. 01 + 25.90 
= 143.91 Kcals/gmatom 
Or E = 144.00 Kcals /gmatom. 
E i s the energy used to t rans form a Na latt ice into Na ions and e l ec t rons . 
According to e lectron gas theory, this energy must be equivalent to the energy 
l iberated when atoms form Na metal lat t ice with electron gas . When the nega-
tively charged e lect rons a re trapped in the positively charged field, the half of 
the potential energy is converted into radia t ions , and the other half i s s tored as 
the kinetic energy of e lec t rons . Because of repulsion between positively charged 
ions and negatively charged e lec t rons , the e lect ros ta t ic potential must be l a rge r 
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than 144. 00 Kcals /gmatom, and the kinetic energy of e lect rons must , therefore , 
be l a rge r than this quantity. 
According to the electron gas theory, the energy absorbed in compress ing 
Na can be calculated in the following manner: 
3 2 
The volume of 1 cm of Na at 10, OOOKg/cm at room tempera tu re = 
3 
0.888 cm . 
That i s , A Vor change of volume or bulk compressibi l i ty 
- 1-0.888 - 0.112 c m 3 . 
Or the compress ion = 11.2% 
The energy absorption in compress ion of Na, 
E (per cm ) = 1/2.P. A V, 
A 
2 3 
where P = 10, OOOkg/cm , and AV= 0.112 cm 
E = 1/2 x 10, 000 x 0. 112 
= 560 Kg cm 
560 
100 
x 9 . 81 Joules 
560 x 9. 81 i / 3 c a l s / c m 
100 x 4. 19 
560 x 9. 81 x 23.67 
100 x 4.19 ca l s /gmatom, 
3 
where atomic volume of Na = 23. 67 cm /gmatom 
or E = 312. 00 ca l s /gmatom 
A 
- 0.312 Kcals /gmatom 
3 
Again, in case of 11.2 per cent compress ion , one side of 1 cm 
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= 3 /0.888 = 0.96 cm 
This means that the electrons are speeded up by 1/0.96 or about 4 per cent 
by compression. Thereby the kinetic energy of the electrons is increased by about 
2 
8 per cent,because E„ . = 1/2 mv . 
Km 
Since the kinetic energy of the electron gas = 144 Kcals/gmatom, the 
8 x 144 
increase in kinetic energy of electron gas = —77̂ T~ ~ 11.52 Kcals/gmatom. 
From Table 4, the observed thermoelastic heat output due to compression 
2 
= 21.7 cals/gmatom/Kg/mm . Or the thermoelastic heat output = 21.7x100 
cals/gmatom = 2. 17 Kcals/gmatom. 
It should be noted that 11.52 Kcals/gmatom (increase in kinetic energy 
according to the electron gas theory) does not appear in the theory of pairing of 
electrons. With respect to the electron gas concept, we should expect a great 
energy of absorption (11.520+0.312 = 11.832 Kcals/gmatom) due to the accele-
ration of electrons in compression, which is really many times larger and oppo-




CALCULATIONS OF TEMPERATURE CALIBRATION 
As mentioned in Chapter III and i l lus t ra ted in Figure 12, a precis ion 
potentiometer was used to measure the potential difference on the calibration 
sys tem. And it was easy to calculate the known small voltage drop a c r o s s the 
four standard 1 ohm r e s i s t o r s quite accura te ly . This small potential was applied 
on the amplifier input. The galvanometer M 40-350A of v is icorder recorded the 
deflection corresponding to the known potential . Thus a conversion factor was 
derived by equating the vis icorder deflection in cen t imete rs and the potential in 
vol ts . Fur the r a given thermal e .m. f . can be evaluated as cent igra tes of t emp-
e r a t u r e . The calculation is shown below: 
For the amplifier gain range of 0. 1 mV; 
The potential difference on the cal ibrat ion sys tem = 1. 082 V; 
1 082 
The voltage drop ac ros s the four s tandard 1 ohm r e s i s t o r s = '-- --x 4 
80, 000 
= 5 . 4 1 x 10~5V. 
_5 
The corresponding deflection to 5 .41 x 10 V as recorded on v is icorder was 
12.65 cms ; 
That i s , a conversion factor of v i s icorder deflection in cms to potential tu rns out 
— fi 
as ; 1 cm = 4.27 x 10 V. 
In our case , Chromel-Alumel thermocouple wi res were used. The thermocouple 
cal ibrat ion tables of Omega Co gave the thermal e .m. f . variation as 0.40mV 
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between 20 C and 30 C (room temperature). As such the final conversion factor 
is given as: 
Since from above, 40 x 10 V equals to 1 C; 
Therefore, 4. 27 x 10" V (or 1 cm deflection) equals to - ^ p = 0.1068°C. 
Or 1 cm of temperature deflection = 0.1068 C (with the amplifier gain 
range of 0.1 mV.) The potential 1. 082 V on the calibration system and the visi-




CALCULATIONS OF PRESSURE CALIBRATION 
Galvanometer M 100-350 of v i s icorder was used for p r e s s u r e m e a s u r e -
ment . In order to check the voltage sensitivity (0.432 mV/in as given in the 
v is icorder manual) of this galvanometer, the 80 K ohm and 39 K ohm of the 
t empera tu re calibration system (Figure 13) were temporar i ly replaced by 1960 
ohrn and 997 ohm precis ion r e s i s t o r s respect ively . The potential over 1964 ohm 
(1960 ohm + 4 ohm) was found to be 1. 0450 volts as measured direct ly by the 
potentiometer . By introducing some adjustments in c i rcui t connections, it was 
possible to use the same four-step switch of t empera tu re calibration system to 
record deflections on the v is icorder by the galvanometer used to r ecord p r e s s u r e 
changes. The total stepwise deflection was 10.2 c m s . The calculations were 
done in the following manner: 
The potential difference ac ros s 1964 ohm = 1.0450 V 
10.2 " 
The four-s tep deflection of galvanometer = = 4. 02 
Li , Of r 
1. 0450 V x 4 
This deflection of 4. 02" was caused by a potential of — zrrr-,—— 
J l 1964 
= 2.128 mV 
Now, 
Since 4. 02" of four-s tep deflection equals to 2.128 mV per 4 ohm 
2 128 
Hence, 1" of deflection - -•'• ~- mV/in 
4. 02 
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= 0.529 mV/in 
The aforesaid is the accurate value of voltage sensitivity of galvanometer 
M 100-350. This was adopted in further calculations to obtain a conversion factor 
of visicorder deflection in centimeters to pressure in p. s. i. 
The certified pressure cell calibration is 3 mV/V for full deflection at 
20, 000 p. s . i . The deflection is rather linear. Feeding exactly 5 V to the pres-
sure cell the visicorder galvanometer M 100-350 used should yield a deflection of 
^(K 529 mV/in x 20, 000 p. s . i . . . 
3 mV/Vx 5Vx2 .54cm/ in" ~ ~ 7 7 - 7 P - s - * • / c m 
= 278 p. s . i . / c m 
That is, 1 cm of pressure deflection = 278 p . s . i . g . 
APPENDIX D 
A TYPICAL CALCULATION OF ADIABATIC HEAT OF COMPRESSION 
The adiabatic heat of compress ion of Al is calculated as an example: 
Given: 
Specific heat, Cp = 5.911 c a l s / g m a t o m / C 
Deflection of total temp-
e ra tu re variation = 12.5 cms 
Deflection of total 
p r e s s u r e variation = 8.4 cms 
Conversion factor of 
deflection in cm to the 
o 
t empera tu re in C = 0.1068 C/cm 
Conversion factor of 
deflection in cm to the 
p r e s s u r e in p . s . i . 278 p . s . i . / c m 
Calculation: 
AT, total t empera ture 
variat ion = 12.5 x 0.1068 
1.335°C 
A P, total p r e s su re 
variat ion 8.4 x 278 p . s . i . 
8.4 x 278 T, , 2 
14.2 K g / C m 
= 1. 644 Kg/mm' 
80 
A T total t empera tu re variat ion 
A P total p r e s s u r e variat ion 
I^IH = 0.812°C/Kg/mm2 
Hence, the adiabatic heat of compress ion of Al per unit p r e s s u r e i s given 
as , 
AQ AT.Cp 
= 0.812 x 5.911 
= 4 . 80 ca l s /gmatom /Kg /mm 




A TYPICAL CALCULATION OF MECHANICAL 
WORK INPUT TO SPECIMEN 
As an example, a calculation of mechanical work input to Nb specimen is 
given below: 
Given for Nb: 
2 
P , total p r e s su re applied = 170.3Kg/cm 
5 2 
B, bulk modulus = 17.67 x 10 Kg/cm 
3 
V, atomic volume = 10.8 cm /gmatorn 
Calculation: 
The compressibi l i ty is defined as 
a . I = AX 1 
P B A P * V 
or AV = ~ . V 
B 
where 0 = compress ib i l i ty of the mate r ia l 
B = Bulk modulus 
A V = Change in volume 
A P •= P - P Q , 
(P is the total applied p r e s s u r e and P is the original p ressure , that 
is 1 a tmosphere . ) 
V = atomic volume 
The change in volume of Nb due to compression, 
.V - M . v 
p 
or A V = - . V while P » P^ 
B 0 
1 7 0 - 3 -m o 3 / 
x 10. 8 cm /gma tom 17.67 x 10 
-5 3 , 
9. 61 x 10. 8 x 10 cm /gmatom 
Mechanical work input to Nb specimen, 
W = P. AV 
-5 
= 1 7 0 . 3 x 9 . 6 1 x 10. 8 x 10 Kgcm/gmatom 
1 7 0 . 3 x 9 . 6 1 x 1 0 . 8 x 9 . 8 1 1 A - 5 T , , —— x 10 Jou les /gmatom 
1 7 0 . 3 x 9 . 6 1 x 1 0 . 8 x 9 . 8 1 -7 . , 
7~TQ x ° ca l s /gmatom 
Therefore , work done on 1 gm atom of Nb per unit p r e s s u r e , 
W = 1 7 0 . 3 x 9 . 6 1 x 10.8 x 9 .81 -7 
AP 4 . 1 9 x 1.703 
- 4 2 
= 2 4 . 2 x 1 0 c a l s / g m a t o m / K g / m m 
Now we have the equation, 
Heat output - Work input = Change in internal energy 
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Or for per unit p r e s s u r e , 
AQ, W AE^ 
A P A P *AP 
AQ 
From Table 2, we find the measured -——(he'dt change per unit p r e s su re ) 
2 
for Nb to be 3.912 c a l s / g m a t o m / K g / m m . 
Substituting the values of observed -—r- and calculated W/A P for Nb in the 
above equation: 
3.912 - 24.2 x 10~4 - - ^ 
A P 
Or 4 ^ = 3 . 9 1 2 0 - 0.0024 
AP 
As such for Nb, the change in internal energy per unit p r e s s u r e 
2 
= 3.9096 c a l s / g m a t o m / K g / m m 
W 
It is obvious from the foregoing that the value of —— is ext remely low in 
A Q 
comparison to the magnitude of —z . Similar calculations were done for Na and 
W giving s imi la r r e s u l t s . We, therefore , can safely ignore the negligible amount 
of mechanical work done on the specimen. That i s , for our purpose, 
AQ .. „ , , AE 
—— pract ical ly equals to —— . 
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APPENDIX F 
A TYPICAL CALCULATION OF - ^ r FROM 
A P 
THERMOELASTIC EQUATION 
The calculation of the ra t io of the change of t empera tu re to p r e s s u r e 
AT 
( ~r~^) from thermoelas t ic equation for Mg in compress ion is done in the follow-
ing way: 
The thermoelas t ic equation for elast ic compress ion is given as: 
AT TPV o„/rjr , 2 
TP = + c^T427T c / K g / c m 
Where 
P = 3a 
Q? = Coefficient of l inear thermal expansion 
[3 = Coefficient of cubical thermal expansion 
The factor 42.7 appears in the above equation which is explained below: 
Considering the units of the thermoelas t ic equation: 
C x x cm /gmatom 
°C °C 
K g / c n ? ca l /gmatom/ c 
2 3 
Or Kg/cm = c a l / c m 
3 
= 4 .18 J o u l e s / c m 
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4.18 Newton meter/< 
2 
418 Newtons/cm 
4 1 8 ir / 2 
9 ^ K g / C m 
2 
42.7 Kg/cm 
Given for Mg: 
Room tempera tu re T - 273 + 25 = 298°K 
= 81.5 x 10 unit volume/unit vo lume/ C 
3 
Atomic volume V = 14. 00 cm /gmatom 
Specific heat Cp = 6 . 0 3 1 c a l s / g m a t o m / C 
Substituting these values in the thermoelas t ic equation, 
kJL 298 x 81.5 x 10 x 14 
A P 6.031 x 42.7 
= 1 .32x 10 3 ° C / K g / c m 
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Table 1. Physical Constants Used 
Cp B V p 
Coefficient of 
Cubical Thermal 
Element Specific Heat Bulk Modulus Atomic Volume Expansion 
( ca l s /gmatom/ 5 2 3 G o 
^C) (xlO Kg/cm ) (cm /gmatom) (x 10~ / C) 
Li 5.830 1.390 12.990 135.000 
Be 4.056 12.800 4.893 34.500 
Na 6.736 0.832 23.670 211.800 
Mg 6.031 3.390 14.000 81.500 
Al 5.911 7.460 9.996 70.800 
Si 4 .550 10.080 12.070 9.210 
S 5.620 1.820 16.360 189.000 
K 7.030 0.406 45.470 249.000 
Ca 6.350 1.760 25.860 67.200 
Sc 6.030 6.500 14.890 30.000 
Ti 6.035 12.600 10.630 25.050 
V 6.063 16.530 8.350 24.900 
Cr 5.721 19.420 7.230 25.200 
Mn 6.373 12.690 7.390 67.800 
Fe 6.090 17.160 7.100 35.100 
Co 6.010 18.700 6.660 37.200 
Ni 6.340 18.700 6.590 38.100 
Cu 5.859 14.000 7.090 49.500 
Zn 6.145 6.170 9.170 89.100 
Ge 6.400 7.874 13.640 17.250 
As 5.550 4.018 13.090 12.840 
Rb 7.250 0.430 55.870 264-300 
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Table 1 (Continued). Physical Constants Used 
Cp B V 3 
Coefficient of 
Cubical Thermal 
Element Specific Heat Bulk Modulus Atomic Volume Expansion 
(ca l s /gma tom/ 
°C) (x l0 5 Kg/cm ) 3 , (cm /g'matom) (x 10~6 /°C) 
Y 6.313 4.780 19.950 36.000 
Zr 6.294 9.150 14.060 17.550 
Nb 5.946 17.670 10.800 21.210 
Mo 5.948 28.000 9.390 14.940 
Rh 6.174 28.010 8.270 25.200 
Pd 6.278 19.100 8.880 34.500 
Ag 5.827 10.180 10.280 57.600 
Cd 6.294 4.850 13.000 91.800 
Sn 6.410 5.200 16.280 63.600 
Sb 6.085 7.800 18.400 35.700 
Te 6.300 2.347 20.460 50.310 
Cs 7.450 0.370 69.840 201.000 
Ba 9.340 0.980 39.000 56.400 
La 6.670 2.850 22.440 31.200 
Ce 6.300 2.125 20.690 25.500 
Pr 6.350 3.117 20.820 20.400 
Gd 11.170 4.000 19.910 24.840 
Er 6.690 4.188 18.460 36.900 
Hf 6.248 11.150 13.640 18.030 
Ta 6.151 21.050 10.900 19.650 
W 6.065 31.860 9.530 13.770 
Au 6.143 17.460 10.200 42.300 
Hg 6.620 2.880 14.090 183.000 
88 
Table 1 (Concluded). Physical Constants Used 
Cp B V P 
Coefficient of 
Cubical Thermal 
Element Specific Heat Bulk Modulus Atomic Volume Expansion 
( ca l s /gma tom/ 5 2 3 6 
V ) (xlO Kg/cm ) (cm /gmatom) (x l o " / C) 
Pb 6.420 4.220 18.270 87.000 
Bi 6.225 3.600 21.300 40.230 
Th 7.192 5.510 19.900 33.600 
V 6.664 10.400 12.480 37.800 
Table 2. Experimental Values 
1 2 3 4 5 6 





of 3 & 4 
AE AQ 
l p ° r AP" 





Kg/mm ° C / K g / m m
2 
elastic eqn. 
° C / K g / m m 2 
ca l s /gmaton / 
Kg/mm 
Li 2.720 1.781 1.530 0.2050 7.5 8.900 
Be 1.388 1.644 0.844 0.0295 28.5 3.423 
Na 5.735 1.781 3.220 0.5230 6.15 21.690 
Mg 2.051 1.703 1.204 0.1320 9.2 7.261 
Al 1.335 1.644 0.812 0.0840 9.7 4.800 
Si 1.170 1.723 0.680 0.0169 40.4 3.200 
S 2.150 1.742 1.190 0.3850 3.1 6.700 
K 10.470 1.781 5.880 1.1300 5.2 48.500 
Ca 2.880 1.742 2.680 0.1930 13.5 17.010 
Sc 2.240 1.742 1.290 0.0520 24.8 7.800 
Ti 1.762 1.684 1.046 0.0312 33.5 6.313 
V 1.335 1.723 0.775 0. 0240 32.3 4.699 
Cr 1.068 1.723 0.620 0.0223 27.8 3.547 
Mn 2.691 1.762 1.527 0.0560 27.3 9.732 
Table 2 (Continued). Experimental Values 
1 2 3 4 5 6 





of 3 & 4 
AE AQ 
—=r or — -
AP A P 





Kg/mm ° c / Kg/mm 
elastic eqn^ 
C/Kg/mm 
c a l s / g m a t o m / 
Kg/mm 
Fe 0.865 1.625 0.532 0.0290 18.4 3.240 
Co 0.961 1.703 0.564 0.0290 19.1 3.390 
Ni 0.886 1.703 0.520 0.0280 18.6 3.297 
Cu 0.918 1.684 0.545 0. 0405 13.4 3.193 
Zn 1.495 1.644 0.909 0.0933 9.75 5.586 
Ge 0.750 1.664 0.450 0.0260 17.3 2.880 
As 2.150 1.742 1.190 0. 0213 55.5 6.600 
Rb 8.760 1.742 5.000 1.5300 3.25 36.250 
Y 1.752 1.625 1.078 0.0793 13.6 6.805 
Zr 1.858 1.684 1.103 0.0275 40.0 6.942 
Nb 1.121 1.703 0.658 0.0270 24.4 3.912 
Mo 0.961 1.684 0.570 0.0165 34.5 3.390 
Rh 0.865 1.684 0.514 0.0234 22.0 3.173 
Pd 1.068 1.684 0.634 0. 0345 18.4 3.980 to o 
Table 2 (Continued). Experimental Values 
1 2 3 4 5 6 
















° C / K g / m m 2 
ca l s /gma tom/ 
Kg/mm 
Ag 2.099 1.684 1.250 0.0715 17.5 7.284 
Cd 1.858 1.684 1.103 0.1330 8.3 6.942 
Sn 2.051 1.703 1.204 0.1130 10.7 7.718 
Sb 2.627 1.742 1.508 0.0760 19.9 9.176 
Te 6.840 1.810 3.780 0.1150 33.0 23.800 
Cs 15.100 1.742 8.650 1.3200 6.5 64.500 
Ba 3.300 1.723 1.920 0.1660 11.5 18.000 
La 1.860 1.732 1.080 0.0738 14.6 7.200 
Ce 2.270 1.742 1.310 0.0590 22.2 8.300 
Pr 2.400 1.742 1.380 0.0470 29.5 8.800 
Gd 2.180 1.762 1.240 0.0313 39.9 13.850 
Er 2.270 1.742 1.310 0. 0714 18.3 8.750 
Hf 1.549 1.723 0.899 0.0276 32.5 5.617 
Ta 1.388 1.693 0.820 0.0245 33.5 5.044 
CO 
Table 2 (Concluded). Experimental Values 
Element 
1 



















°C / K g / m m 2 
5 
Ratio 






c a l s / g m a t o m / 
K g / m m J 
W 0.587 1.723 0.340 0. 0152 22.4 2.062 
Au 1.025 1.684 0.609 0. 0485 12.5 3.741 
Hg 2.880 1.781 1.620 0.2730 5.9 10.140 
Pb 2.435 1.625 1.500 0.1740 8.6 9.630 
Bi 2.499 1.732 1.443 0.0960 15.1 8.983 
Th 2.211 1.732 1.277 0.0658 19.4 9.184 
V 1.698 1.742 0.975 0.0503 19.4 6.497 
<£> 
CO 
Table 3. Observed and Calculated Values of 
A T 
A P 
0 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
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Note: The numerical entry below the symbol of an element gives values for the observed (AT/AP) in °C/Kg/mm2 . 
The second entry is for the calculated (A T/ AP) in °C/Kg/mm2 and the third entry is for the ratio of the 
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Table 5. Promotion Energies of d s Valence State (in kcal per mole) 
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